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The potential clinical utility of sodium butyrate, a natural
compound known to inhibit tumor-cell growth, is hampered
by the difficulty of achieving effective in-vivo concentrations.
The short half-life (about 5 minutes) of sodium butyrate
results in rapid metabolism and excretion. To increase the
availability of sodium butyrate over a longer period of time,
we co-valently linked it to hyaluronic acid (a component of
the extracellular matrix). Its major advantages as a drug
carrier consist in its high biocompatibility and its ability to
bind CD44, a specific membrane receptor frequently over-
expressed on the tumor-cell surface. The degree of substitu-
tion of hyaluronic acid with butyrate residues ranged from
d.s. 5 0.10 to d.s. 5 2.24 (1.8–28.4% w/w). The biological
activity of hyaluronic-acid-butyric-ester derivatives was evalu-
ated in terms of the inhibition of the growth of the MCF7 cell
line and compared with that of sodium butyrate. After 6 days
of treatment, we observed a progressive improvement of the
anti-proliferative activity up to d.s. 5 0.20; thereafter, the
anti-proliferative effect of the ester derivatives decreased.
Fluorescence microscopy showed that after 2 hr of treatment
fluorescein-labelled compounds appeared to be almost com-
pletely internalized into MCF7 cells, expressing CD44 stan-
dard and variant isoforms. These findings indicate that hyal-
uronic acid could offer an important advantage in drug
delivery, in addition to its biocompatibility: the ability to bind
to CD44, which are known to be frequently over-expressed
on the tumor-cell surface. Int. J. Cancer 81:411–416, 1999.
r 1999 Wiley-Liss, Inc.

Butyric acid, one of the main short-chain fatty acids produced by
fermentation of dietary fiber (Hill, 1995; Cummings, 1981), is
present in the colon in millimolar concentrations. It is known to
induce cell differentiation (Jass, 1985; Guilbaudet al.,1990) and to
inhibit the growth of a variety of human tumor cells, including
those derived from breast cancer (Coradiniet al., 1997). Studies
performed to elucidate the mechanism of action of butyric acid
have demonstrated that it interferes with several cell pathways,
finally resulting in cytodifferentiation or induction of apoptosis. In
particular, butyric acid has been shown to modulate the expression
of oncogenes (c-myc, c-fos,c-jun) (Krupitzaet al.,1995; Rottlebet
al., 1995; Velazquezet al., 1996), cell-cycle-related proteins
(Krupitzaet al.,1988) and genes regulating apoptosis, such asp53
and bcl-2 in cells from different histotypes (Palmeret al., 1997;
Mandal and Kumar, 1996). On the other hand, butyric acid can
induce hyperacetylation of H3 and H4 histones (Sealy and Chalk-
ley, 1978) as a result of the inhibition of histone deacetylase, thus
increasing the susceptibility of the associated DNA sequences to
DNase-I attack (Vidaliet al.,1978).

The few clinical studies undertaken with this agent reported
partial and temporary remission of some patients with acute
leukemia who received high doses of sodium butyrate (the sodium
salt form of butyric acid; Miller et al., 1987). However, the
potential clinical utility of sodium butyrate is hampered by the
difficulty of achieving effectivein vivo concentrations: its very
short half-life results in rapid metabolism and excretion (Danielet
al., 1989), which may explain the low clinical responses detected in
patients with acute leukemia.

Attempts have been made to develop pro-drug derivatives of
sodium butyrate in order to increase its effectivein vivoconcentra-
tion over a sustained period, while satisfying the important

requirements for specificity and low toxicity. Thus, Pouillartet al.
(1992) studied the pharmaco-therapeutic properties of some mono-
saccharide derivatives of sodium butyrate; they also linked sodium
butyrate to other carrier molecules, to avoid the problems arising
from the rapid metabolism of monosaccharides in the organism.
The synthesis of triglyceride derivatives (in which 1 or 2 butyrate
residues were co-valently bound to a glycerol substrate, containing
1 or 2 palmitic-acid molecules) has been reported by Planchonet
al. (1993).

Moreover, a pro-drug has been developed based on the acyloxy-
alkyl derivatives of carboxylic acids, which release butyric acid
after intracellular hydrolysis (Rephaeliet al., 1991). In particular,
AN9 (pivaloyloxymethyl butyrate) has been shown to be effective
in inducing cell-growth inhibition at a concentration 10-fold lower
than sodium butyrate (Zimrahet al.,1997).

Some important principles should be taken into account in
developing new pro-drugs: (i) the bond between the carrier and the
drug molecules must be sufficiently stable to increase itsin vivo
half-life; (ii) the carrier must be a molecule that the organism will
not eliminate too rapidly, and must be devoid of toxic side effects.
Accordingly, we chose hyaluronic acid as the carrier on which to
co-valently link sodium butyrate. Hyaluronic acid is a negatively
charged linear polysaccharide consisting of repeating disaccharide
units [--4)b-D-glucuronic acid (1= 3) b-D-N-acetylglucosamine-
(1--]. Hyaluronic acid is one of the major components of the
extracellular matrix and is the main ligand of CD44, a membrane
receptor family which, over-expressed on the tumor-cell surface,
plays a role in tumor-cell migration (Rudzki and Jothy, 1997).
Experimental and clinical evidence has shown that the appearance
of alternative CD44 isoforms is correlated to the progression of the
disease from the normal to the metastatic phenotype (Matsumura
and Tarin, 1992). Therefore, it could prove advantageous to use
hyaluronic acid as a drug carrier for targeted delivery of sodium
butyrate on the tumor cell through its selective binding to CD44
receptor, in addition to its bio-compatibility.

The aims of the present study were to investigate the biological
activity of some butyric-ester derivatives of hyaluronic acid in
comparison with that of sodium butyrate alone in a human
breast-cancer cell line (MCF7), and to verify whether the butyra-
tion could influence the ability of hyaluronic acid to bind to CD44
receptor.

MATERIAL AND METHODS

Cell line and culture conditions

MCF7 (Souleet al.,1973), a human hormone-dependent breast-
cancer cell line, was grown as a monolayer culture in Dulbecco’s
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modified Eagle’s medium (DMEM/F12) supplemented with 5%
FCS (v/v) in T-75-cm2 plastic flasks, maintained at 37°C in a
5%-CO2 humidified atmosphere and passaged weekly. At the
beginning of the experiments, cells in the exponential growth phase
were removed from the flasks by 0.05% trypsin-0.02% EDTA
solution.

Synthesis of butyric-ester derivatives of hyaluronic acid
The butyric esters of hyaluronic acid were prepared as follows

(Fig. 1): hyaluronic acid sodium salt (MW 85 kDa) (1) (Purus,
Prague, Czech Republic) was first converted to the acidic form (2)
by treatment with 2 N HCl (1 mol.equiv./disaccharide repeating
unit) and then neutralized with sym-collidine (Fluka, Buchs,
Switzerland) (2 mol. equiv.) to obtain the corresponding sym-
collidinium salt (3). A suspension of (3) in dry dimethilformamide
was first treated with butyric anhydride (Fluka) (1–3 mol. equiv.) in
the presence of pyridine or dimethylamino pyridine (Fluka; 0.16–
1.8 mol equiv.) at room temperature for 24 hr and then neutralized
with a saturated solution of NaHCO3, dialyzed against distilled
water and freeze-dried, to give hyaluronic acid butyric esters (4).
The degree of substitution (d.s.) of each ester derivative was
dependent on the amount of butyric anhydride used as the acylating
agent and corresponds to the ratio between the number of hydroxyl
groups of the repeating disaccharide unit of the polysaccharide
substituted with butyrate residues and the total number of hydroxyl
group of the repeating disaccharide unit. Following this procedure,
we obtained 6 different butyric-ester derivatives of hyaluronic acid,
with a d.s. of 0.10, 0.14, 0.19, 0.24, 1.13 and 2.24 respectively. The
structure of the compounds was determined on the basis of their
1H-NMR spectra; the degree of esterification was calculated by
integration of the methyl-group signal of the butyrate residue with
respect to the methyl-group signal of the N-acetyl group of the
glucosamine residue in the polysaccharide backbone.1H-NMR
spectra were recorded in DMSO-d6/DCI at 200 Mhz on a Bruker
200 AC spectrometer (Bruker, Milan, Italy).

Cell-proliferation experiments
Cells were seeded in 24-well plates (25,000 cells/well) in

DMEM/F12 medium supplemented with 5% FCS. The cells were
allowed to adhere for 24 hr; the seeding medium was removed and
replaced with experimental medium.

The day before the experiment, the compounds were re-
suspended in distilled water, stirred overnight in an orbital shaker at
4°C and sterilized by filtration through a 0.22-µm filter.

Cells were maintained for 6 days in the medium supplemented
with increasing concentrations of hyaluronic-acid-butyric-ester

derivatives (0.016, 0.032, 0.064, 0.125, 0.25, 0.5, 1, 2, 4 mg/ml) or
with sodium butyrate (0.016, 0.032, 0.064, 0.125, 0.25, 0.5, 1, 2, 4
mM). Each experiment was carried out at last twice and samples
were run in quadruplicate using a 43 4 factorial design. At the end
of the experiments the anti-proliferative effect was evaluated using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium-bromide
(MTT) assay (Carmichaelet al.,1987) and results were expressed
with respect to control.

Flow cytometry
The expression of CD44 receptors (standard and variant iso-

forms) was investigated by flow cytometry, using murine monoclo-
nal antibodies (MAbs) raised against human CD44s, CD44v3,
CD44v5, CD44v6 and CD44v7-8 (clones sff304, vff327v3, vff8,
vff18 and vff17 respectively; Bender, Vienna, Austria). Cells in the
exponential growth phase were recovered from the flasks with
trypsin-EDTA solution, washed with PBS and centrifuged at 800g
for 5 min. Parallel samples (13 106 cells each) were loaded and
cells were incubated at room temperature for 60 min, at a dilution
of 1:20 (vff327v3, vff8) or 1:50 (sff304, vff18, vff17). The cells
were then washed with PBS, centrifuged and incubated with a
secondary FITC-conjugated goat anti-mouse antibody (Sigma, St.
Louis, MO) at the dilution of 1:50 for 30 min at room temperature
in the dark. The negative control sample was incubated with the
secondary antibody alone. After immunofluorescence staining, the
cells were centrifuged and re-suspended in a solution containing
propidium iodide (PI) (5 µg/ml), RNase (10 kU/ml, Sigma) and
Nonidet P40 (0.005%). The fluorescence of stained cells was
measured using a FACScan flow cytometer (Becton Dickinson, San
Jose, CA) equipped with an argon laser at 488-nm wavelength
excitation, and 610-nm filter for the PI fluorescence detection. The
fluorescence signal was collected in linear and logarithmic mode.
Data were acquired and processed on LYSIS II software (Becton
Dickinson); at least 30,000 events were recorded for each sample.

Fluorescence microscopy
The uptake of fluorescein-labelled hyaluronic acid or fluorescein-

labelled hyaluronic-acid-butyric-ester derivative to CD44 was
investigated by fluorescence microscopy. The labelling reaction
was performed with fluorescein isothiocyanate, according to the
reported procedure (de Belder and Wik, 1975). The degrees of
substitution of the reaction products were d.s. 0.0051 for fluorescein-
labelled hyaluronic acid and d.s. 0.0105 for fluorescein-labelled
hyaluronic-acid butyric ester. MCF7 cells were recovered from the
flask, then 4 mg/ml of fluorescein-labelled hyaluronic acid or
fluorescein-labelled hyaluronic-acid-butyric-ester solution were

FIGURE 1 – Scheme of synthesis of hyaluronic-acid-butyric-ester derivatives.
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added to the cell suspension, and incubation was continued at 37°C
for 30 min and 1, 2, 4 and 6 hr. At the end of each period the cells
were washed with PBS and centrifuged at 800g for 5 min. A PI
solution (5 µg/ml) was added, and the cells were observed and
photographed with a fluorescence microscope.

Inhibition of binding of hyaluronic acid to CD44
receptors by MAb J173

According to the results obtained from the binding kinetic assay
with fluorescein-labelled compounds, MCF7 cells were incubated
(5 µg/ml for 2 hr) with a murine MAb (clone J173, Immunotech,
Marseille, France) raised against human CD44, and which has been
shown to block the binding of hyaluronic acid to CD44 (Morimoto
et al., 1994). After treatment with fluorescein-labelled hyaluronic
acid (4 mg/ml), the cells were observed and photographed with a
fluorescence microscope.

RESULTS

Proliferation experiments

Figures 2 and 3 show the effect exerted on MCF7 cells by the
different butyric-ester derivatives of hyaluronic acid, characterized
by the same molecular weight of the hyaluronic-acid backbone (85
kDa) and an increasing degree of substitution with butyrate
residues. After 6 days of treatment, all the tested compounds
exerted a dose-dependent inhibitory effect. In particular, com-
pounds 1, 5 and 6 (corresponding to d.s. 0.10, 1.13 and 2.24
respectively, Fig. 2a) were less effective than sodium butyrate and
compounds 2 and 4 (corresponding to d.s. 0.14 and 0.24 respec-
tively, Fig. 2b) had an effect similar to that of sodium butyrate.
Compound 3 (corresponding to d.s. 0.19, Fig. 3) was more effective
than sodium butyrate, inducing 100% of inhibition at a concentra-
tion as low as 1.4 mM. At this concentration hyaluronic acid
partially affects cell growth (20% of inhibition) and sodium
butyrate reduces cell growth to about 80%, suggesting an additive
effect between the 2 components in the co-valent ester derivative.

The relationship between the degree of substitution of hyal-
uronic acid with butyrate residues and the inhibitory activity of the
derivatives (in terms of IC50 value) is shown in Table I. A
progressive improvement of the inhibition (i.e., a decrease in IC50
value) was observed for compounds 1, 2, and 3 (IC50 0.92 mM,
0.54 mM and 0.17 mM, respectively), whereas a further increase in
the degree of substitution with butyrate residues did not improve
the anti-proliferative effect. The maximum inhibitory effect was
obtained with a d.s. of 0.19.

To evaluate the importance of the molecular weight (MW) of
hyaluronic acid on the anti-proliferative activity of the butyric-ester
derivatives, we compared the activity of 2 of the synthetized
derivatives (compounds 3 and 7), characterized by the same degree
of butyration (d.s. 0.19) but a different hyaluronic-acid MW (85
kDa and 166 kDa respectively). Figure 4 shows that the compounds
had a similar effect, with comparable IC50 values (0.17 and 0.21
mM respectively), suggesting that the MW of the hyaluronic acid
used as the carrier did not influence the biological activity of the
compounds.

Cellular uptake of hyaluronic acid and its
butyric-ester derivatives

Figure 5 shows the uptake of fluorescein-labelled hyaluronic
acid(b)or fluorescein-labelled hyaluronic-acid-butyric-ester deriva-
tive (c) to MCF7 cells. After 2 hr of treatment, both the fluorescein-
labelled compounds appeared to be almost completely internalized
into MCF7 cells.

To confirm the hypothesis that hyaluronic-acid-butyric-ester
derivatives exert their inhibitory activity through binding to CD44,
we first verified the expression of the membrane receptor in MCF7
cell line. The binding of hyaluronic acid butyric esters to CD44 was
then inhibited by MAb J173, which has been shown to block the
binding site of the receptor (Morimotoet al.,1994). Figure 6 shows
that MCF7 cells constitutively expressed all the CD44 isoforms

investigated except CD44v6. As expected, the breast-carcinoma
cell line was not only characterized by the presence of the standard
form of CD44, but also expressed different isoforms as result of

FIGURE 2 – Anti-proliferative effect of hyaluronic-acid-butyric-ester
derivativesvs.that of sodium butyrate on the growth of MCF7 cell line
after 6 days of treatment.(a) sodium butyrate (NaB,j), compound 1
(d.s. 0.10,d), compound 5 (d.s. 1.13,m) and compound 6 (d.s. 2.24,
r); (b) sodium butyrate (NaB,j), compound 2 (d.s. 0.14,d),
compound 4 (d.s. 0.24,m). Results are expressed as a function of
butyric-acid content. Experimental points are the means of 4 identical
experiments. CV was,5% SD. For details, see ‘‘Material and Methods’’.

FIGURE 3 – Anti-proliferative effect of compound 3 (d.s. 0.19,d) vs.
that of sodium butyrate (NaB,j) and hyaluronic acid (HA,m) on the
growth of MCF7 cells. Results are expressed as a function of
butyric-acid content. Experimental points are the means of 4 identical
experiments. CV was,5% SD. For details, see ‘‘Material and Methods’’.
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alternative splicing of theCD44 gene. When MCF7 cells were
treated with MAb J173 for 2 hr, followed by the hyaluronic acid
butyric ester, we observed an incomplete block of the binding (Fig.
5d, probably due to the rapid turnover of the receptor on the
membrane surface.

DISCUSSION

The aims of the present study were to investigate the biological
activity of some hyaluronic-acid-butyric-ester derivatives in com-
parison with that of sodium butyrate, and to verify whether the
addition of the butyrate residue on the polysaccharide backbone
influences the ability of hyaluronic acid to bind to CD44 receptor.
Our results indicate that hyaluronic acid, used as carrier for sodium
butyrate, did not interfere with the anti-proliferative activity of the

TABLE I – RELATIONSHIP BETWEEN DEGREE OF SUBSTITUTION
OF HYALURONIC ACID WITH BUTYRATE RESIDUES1 AND INHIBITORY

ACTIVITY OF HYALURONIC-ACID-BUTYRIC-ESTER DERIVATIVES

Compound d.s.
IC50

mg/ml
(compound)

mM
(butyric acid)

Sodium butyrate — — 0.50
Hyaluronic acid — 4.5 —

1 0.10 4.5 0.92
2 0.14 2 0.54
3 0.19 0.48 0.17
4 0.24 1 0.45
5 1.13 2.6 4.90
6 2.24 2.3 7.40

1Degree of substitution (d.s.) corresponds to the moles of butyrate
residues present for disaccharide unit.

FIGURE 4 – Anti-proliferative effect of compound 3 (MW 85 kDa,
d) and compound 7 (MW 166 kDa,m) vs.that of sodium butyrate on
the growth of MCF7. Compounds 3 and 7 are characterized by the
same degree of butyration (d.s.0.19). Results are expressed as a
function of butyric-acid content. Experimental points are the means of
4 identical experiments. CV was,5% SD. For details, see ‘‘Material
and Methods’’.

FIGURE 5 – Uptake to MFC7 cells of fluorescein-labelled hyaluronic
acid(b) or fluorescein-labelled hyaluronic-acid-butyric-ester derivative
(c) vs. control (propidium-iodide-stained cells)(a). After 2 hr of
treatment, fluorescein-labelled compounds appeared to be internalized
almost completely into MCF7 cells.(d) Inhibition of binding to CD44
of fluorescein-labelled hyaluronic-acid butyric ester by anti-CD44
MAb J173. MCF7 were incubated with MAb at 5 µg/ml for 2 hr and
thereafter with 4 mg/ml of fluorescein-labelled hyaluronic-acid butyric
ester.
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drug; in some cases (i.e., compound 3), hyaluronic acid further
enhanced the inhibitory effect as compared with that of sodium
butyrate alone. Moreover, the results obtained indicate that, to exert
the maximum anti-proliferative effect, the hyaluronic-acid-ester
derivatives should have a degree of substitution with butyrate
residues around 0.20. The observation that an increase in the degree
of substitution does not correspond to an increase in pro-drug
activity suggests that variations in the steric hindrance of the
hyaluronic-acid molecule could lead to a different receptorial
uptake: the presence of the butyrate residues on the polysaccharide
could reduce hyaluronic-acid affinity for the receptor, due to the
shielding of the functional groups involved in the recognition
process. The maximum activity observed at d.s. 0.19 is probably
the result of a compromise between the need to have a relatively

high amount of butyrate residues bound to the polymer and the
shielding effects they can exert.

Moreover, our results indicate that an increase in the MW of
hyaluronic acid does not appear to affect the activity of the bound
butyrate residues, though the differences in MW we considered in
the present study (85 kDavs.166 kDa) are likely not big enough to
induce a significant difference in the biological activity. Ongoing
studies are using hyaluronic acid of varying MW and d.s. with
butyrate residues, to verify the hypothesis suggested by Rudzki and
Jothy (1997) that the affinity of hyaluronic acid for CD44 receptor
and its consequent uptake depends on its MW.

The specific mechanism through which hyaluronic acid brings
the butyryl moiety inside the cell makes this polysaccharide
particularly attractive as a carrier for drug-delivery. There is much

FIGURE 6 – Expression of CD44 on MCF7 cells. Breast-cancer cells (13 106) were first incubated with mouse anti-human CD44 isoforms, and
thereafter with goat FITC-labelled anti-mouse secondary antibody. The negative control and stained samples are shown.
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evidence of the relevant role played by CD44 expression during
malignant transformation: the appearance of specific isoforms of
the receptor correlates to the progression of the disease (Gunthertet
al., 1991; Manten-Horstet al., 1995). Many human carcinomas,
among them colon and breast cancers, are associated with the
generation of a number of CD44 isoforms, which retain, however,
their hyaluronic-acid-binding activity. Over-expression of CD44 in
tumor cells results in increased ligand recognition, affecting cell
mobility, the invasive properties and the metastatic potential. In
fact, experimental evidence has proved that the insertion of
additional exon products does not interfere with hyaluronic-acid-
binding ability (Heet al., 1992). Therefore, CD44 receptor could
be a useful specific target for anti-neoplastic therapy. By taking
advantage of the over-expression of CD44 on the tumor-cell
surface, the hyaluronic-acid-butyric-ester derivatives could act
exactly at the site where the butyrate residue can exert its
anti-proliferative effect. Although we are unable to define whether
hyaluronic-acid butyric esters preferably bind to a specific CD44
isoform, the present results indicate that the pro-drugs carry the
butyrate residues into the target cell through the binding to CD44.
Once internalized, the pro-drugs become subject to hydrolytic
processes in the cytoplasm with release of the free butyrate, which
becomes available to exert its anti-proliferative activity.

In this study, our approach, in preparing sodium butyrate
pro-drugs, differs from those of other investigators. In fact, in
addition to the main properties of a drug-delivery system (i.e., to
carry the drug in the biological compartments, protecting it from
degradative processes before reaching the target, to improve its
tolerability and absorption), the use of hyaluronic acid as the carrier
molecule offers an additional value: the ability to carry the active
principle specifically to cells over-expressing CD44 receptor
(which are known to be more likely tumor cells), and to release the
drug only inside the target cell.

In conclusion, our results indicate that hyaluronic acid offers
many advantages over other drug-delivery strategies evaluated for
sodium butyrate (Pouillartet al.,1992; Rephaeliet al.,1991), due
to its biocompatibility and to its specific binding to CD44. Thus,
conjugation of butyrate residues to hyaluronic acid leads not only
to an increase in the half-life of the active component, but also to
the potential development of a drug-delivery system aimed specifi-
cally at tumor cells.
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